Behaviors of flame propagation in a detonation tube were observed by the schliren system with a high-speed video camera, and the flow velocity, flame velocity and propagation velocity of the pressure wave and the maximum pressure were measured to clarify the combined effects of a vortex flow on flame propagation and the deflagration-to-detonation transition (DDT) process. The flame is accelerated and the flame velocity is rapidly increased when the Shchelkin spiral is inserted in the tube. The accelerating flame acts as a piston producing the compression wave and it proceeds to the shock, then transition to detonation is accomplished. The DDT distance in the case with the Shchelkin spiral becomes shorter due to the combined effects of a VF and Shchelkin spiral.
Introduction
Pulse detonation engines (PDEs) are expected to be a new power source for aerospace vehicles and electric generators because of the higher thermal efficiency of a PDE compared to that of a Brayton cycle gas turbine [1] [2] [3] . A key problem in PDE application is to achieve reliable and repeatable detonations in the shortest distance possible to minimize the system weight. Some authors have described using a predetonator to achieve a shorter deflagration-to-detonation transition (DDT) distance 4, 5) . However, the advantages of PDEs, such as their simplicity and low weight, are lost if devices such as a predetonator and an additional igniter are added. To control the DDT distance without using additional ignition energy and adding sophisticated, heavy structures such as a predetonator, efforts have been undertaken to apply the vortex flow (VF) injection concept to the injection part of a PDE, because the flame can propagate very quickly in a VF, depending on the rotation velocity [6] [7] [8] [9] [10] . In these studies, the DDT distance was shortened by 15-43%, compared with that of a counterflow injector, when a VF injector was used. The shortening effect becomes remarkable as the circumferential velocity increases 10) . Turbulence in a VF promotes flame acceleration and shortens the DDT distance [11] [12] [13] [14] . In this study, the behavior of flame propagation in a detonation tube was observed, and the flame velocity, flow velocity and propagation velocity of the pressure wave and the maximum pressure were measured to clarify the combined effects of a VF and Shchelkin spiral on flame propagation and the DDT process. Figure 1 show a schematic of the experimental setup, including the mixture supply, ignition system, measurement system and dump tank. An observation window was installed at the downstream location between x = 313 mm and x = 883 mm from the igniter. The mixture was supplied for 3.5 or 5 second into the detonation tube (diameter (d) = 76 mm) using an electromagnetic value. Just after supplying the mixture, the mixture was ignited by the igniter installed at the closed end of the tube. The filling rate of the mixture was 90% of the detonation tube volume. The flame was propagated in the tube, and the burned gas was exhausted into the dump tank. The pressure in dump tank is atmospheric one because the upper and lower outlets of the tank are open for the atmosphere. The burned gas was swept by air supplied from the compressor after each detonation achieved propagation. The flame propagation process was observed using the Schlieren system with a high-speed video camera and ten pressure transducers and ion probes located at about 200-mm intervals. A hot-wire probe was inserted from a port in the pressure transducer, and the flow velocity in the tube was measured by a hot-wire anemometer. There were many protuberances inside the mixer tube to promote the mixing of the fuel and oxidizer, which were supplied from the circumferential direction of the mixer tube. The mixture in the mixer tube was injected into the detonation tube in the circumferential direction of the detonation tube, establishing a VF field in the detonation tube. The Shchelkin spiral was inserted between x = 0 mm and x = 520 mm in this experiment. The length (Lss) and blockage ratio (BR) of the Shchelkin spiral were Lss = 520 mm and BR = 40.4%, respectively. Experiments both with and without the Shchelkin spiral were carried out. The effects of only VF and the combined effects of a VF and the Shchelkin spiral on the DDT process were examined. Hydrogen and air (equivalence ratio = 1.0) were used as the fuel and oxidizer, respectively. Figure 3 shows direct photographs, shadowgraphs and Schlieren photographs of flame propagation taken by a high-speed video camera. The front view of the white image in the direct photographs is assumed to be a flame front in this experiment. The flame front in the shadowgraphs and the Schlieren photographs can be easily described by the density variation in front of and behind the flame. The flame at the upper and lower parts of the observation windows is fast propagated compared with that at the central part of the windows. Similar flame propagation behaviors were observed in the shadowgraphs and the Schlieren photographs. The flame velocity, V fp , can be obtained from variation of flame location. Figure 4 shows variation of flame velocity without the Shchelkin spiral under the condition of the circumferential velocity at the inlet of mixture (V 0 ) = 131 m/s. The circumferential velocity V 0 at the inlet of the detonation tube was obtained from the flow rate of the mixture and the cross section of the inlet tube. The abscissa, x, shows the distance from the closed end of the tube. Four kinds of flame velocity are shown in Fig. 4 . One of them is V f = l / t f , which is calculated from the distance between two neighboring ports, l, and the differential between the arrival times of the flame at the two neighboring ports obtained from the ionization current signals, t f . The others are flame velocities obtained from the direct photographs, shadowgraphs and Schlieren photographs. After ignition, the flame was propagated at about 100 m/s ~ 200 m/s and accelerated rapidly between x = 560 mm and x = 640 mm due to turbulence generated at the ramp between the upstream and downstream parts of the observation windows. The flame velocities obtained from the direct photographs are nearly the same as those obtained from the shadowgraphs and Schlieren photographs. The flame velocity calculated from the ionization current signals, V f , was faster than the velocities obtained from the direct photographs, shadowgraphs and Schlieren photographs, V fp . This seems to indicate that the flame near the tube wall is accelerated faster than that near the central part of the tube, as shown in Fig. 3 . It can also be assumed from the velocity profile in Fig. 5 that the axial velocity near the tube wall is faster than that near the central axis. Figure 5 shows the flow velocity of the unburned gas at x = 340 mm in the tube, which is measured using a hot-wire anemometer. The measurement errors are ±1.4 ~ 0.8 % for V X , ±3.1 ~ 1.9 % for V , ±2.6 ~ 2.8 % for V X ' and ± 3.6 ~ 3.2 % for V ', respectively. The vertical axis is the distance in the radial direction from the central axis of the tube. The circumferential velocity, V , reaches the maximum value near the tube wall and the lowest value at the central axis of the tube. It looks like a flow field of the forced vortex. A pressure drop is generated near the central axis of the tube in such a VF, and thus a reverse flow is generated in the same place. It was confirmed using the Pitot tube and the tuft stick method. We also confirmed that the equation of continuity at a cross section of the tube was satisfied. The flow reverses in the area of r < 28 mm and shows the positive and higher axial velocity of about V X = 6 m/s near the tube wall. This is why the flame near the tube wall is propagated faster than that at the central axis of the tube. On the other hand, turbulences of the axial direction V X ' and of the circumferential direction V ' are 1 ~ 2 m/s and 0.5 ~ 2.5 m/s, respectively. The strong turbulent flow was established in the tube. The flame propagation seems to be promoted by the turbulence. Figure 6 shows the variation of flame velocity against the circumferential velocity, V 0 , at the inlet of the mixture in a VF. The flame velocities V f and V fp show nearly constant values even when V 0 is increased. The flame is significantly accelerated between x = 440 mm and x = 640 mm due to turbulence generated at the ramp between the upstream and downstream parts of the observation windows. The flame near the tube wall is propagated faster than that at the central part of the tube even when V 0 is increased. Figure 7 -(a) shows the propagation velocity, V p , of the pressure wave. V p was calculated from the distance l between neighboring ports and the differential t p between the arrival times of the pressure wave at two neighboring ports. V p is about 400 m/s ~ 900 m/s even when V 0 is increased. The propagation velocity of the shock wave at the Chapman-Jouguet (C-J) detonation, V pC-J , which was calculated using the program code produced by Tanaka 15) , is 1980 m/s. The measured propagation velocity is smaller than that in the C-J detonation. Figure 7-(b) shows the maximum pressure ratio, P max / P 0 , and the differential in the arrival times of the pressure wave and the flame at each port, t N-i . The measured P max / P 0 is about 2 ~ 5, which could not reach the Neumann spike pressure in the C-J detonation, P NC-J / P 0 15) . Since t N-i is about 0.5 ms~ 1.4 ms, the flame is also propagated far behind the pressure wave. The results of P max / P 0 , V p and t N-i show that the deflagration did not change to the detonation when the Shchelkin spiral was not inserted in the tube. The combined effects of the VF and the Shchelkin spiral are important for DDT. Figure 8 -(a) shows the Schlieren photographs of flame propagation with the Shchelkin spiral. The field of vision is between x = 313 mm and x = 583 mm at the upstream part of the observation windows. Some white line patterns, which are indicated by the arrows and appear to be the pressure wave, can be seen in the space of the Shchelkin spiral, as show in Figs. 8-(a)-(5) ~ (7) . The flame, which is shown as the black image, appears behind the white line patterns in Figs. 8-(a)-(5) ~ (7). The flame joins the white line patterns at the end of the Schelkin spiral in Fig. 8-(a) - (11), and then the flame and white line patterns propagate together, as shown in Figs. 8-(a) - (11) Fig. 8-(b) correspond to those in Fig. 8-(a) . The abscissa gives the elapsed time from when the pressure wave has reached port 1. The pressure variation at port 2 is not observed until t = 0.184 ms. A large pressure variation is generated at t > 0.184 ms, which corresponds to Fig.  8-(a)-(11) or (12) . After the flame joins the pressure wave and reaches port 2, as shown in Fig. 8-(a)-(11) , a large pressure increase appears repeatedly. The ionization current signal changes suddenly at t = 0.224 ms, which corresponds to Fig.  8-(a)-(14) . When the pressure signal rises at t = 0.184 ms, the ionization current does not change yet, indicating the flame propagates far behind the pressure wave. Figure 9 shows the flame velocities V f , V fp and V fp ' and the propagation velocity of the pressure wave, V p , respectively. Here V fp = df(t) / dt was calculated from the differential of the fitting curve f(t) of the local flame locations by the second order approximation and V fp ' = l f / t fs was obtained using the local flame locations, l f , and the time obtained from the frame rate of the high-speed-camera, t fs . V f , V fp and V fp ' remain nearly constant and have almost the same value as one another, but they do not reach the flame velocity of the C-J detonation 15) . The propagation velocity, V p , also fails to reach the value of the C-J detonation, V pC-J 15)
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. Therefore, the flame has not changed to the detonation in this region. The pressure signal at port 3 rises at t = -0.004 ms, which corresponds to Fig. 10-(a)-(6) or (7) . The flame, however, does not reach port 3, because the ionization current signal does not change at this time. The ionization current signal starts to change at t = 0.008 ms which corresponds to Fig.  10-(a)-(8) . The flame propagates far behind the pressure wave. The voltage of the ionization signal decreases from 60 V to 50 V at t= 0.04 ms, and then the pressure at port 3 goes above the Neumann spike pressure of the C-J detonation 15) . This means that the deflagration has proceeded to the detonation near port 3 at t = 0.04 ms. The pressure and ionization current signals at port 4 suddenly change at t = 0.068 ms, which corresponds to Fig. 10-(a)-(15) or (16) . The pressure at port 4 (x = 856 mm) has also reached the Neumann spike pressure of the C-J detonation, P NC-J , when the detonation has reached port 4, as shown in Fig. 10-(a) - (15) (7) ~ (9) . After that, the flame is rapidly accelerated between x = 740 mm and x = 800 mm, and then the deflagration has changed to the detonation in this region. V p is a little bit smaller than V pC-J . Figure 12 shows variation of V f , V fp , and V p against the distance of x in all areas of the observation windows. V f is about 1100 m/s at x = 440 mm and increases gradually until it reaches about 2100 m/s at x = 798 mm. On the other hand, V fp is about 760 m/s ~ 1000 m/s and remains nearly constant between x = 440 mm and x = 600 mm. It seems that since the flow in the tube reverses at the area of about r < 28 mm, as shown in Fig. 5 , the flame is accelerated near the tube wall, and the flame near the central axis of the tube is not accelerated. After that, V fp is increased rapidly until about 2200 m/s at x = 832 mm. V p increases until about 1700 m/s. V fp and V f reach the value of the C-J detonation at x = 856 mm. Figure 13 shows P max / P 0 and t N-i at each port. The maximum pressure ratio is initially about 10 ~ 20 and reaches about 30 at x = 856 mm, which is greater than the Neumann spike pressure of the C-J detonation, P NC-J /P 0 = 27 15) . The differential in the arrival times, t N-i is initially about 0.07ms. The flame propagates far behind the pressure wave between x = 340 mm ~ 600 mm. After that, t N-i becomes about 0.02 ms ~ 0.01 ms, and then the flame joins the pressure wave and they propagate together. The flame seems to proceed from deflagration to detonation at x = 755 mm ~ 830 mm, based on all the results of P max / P 0 , V f , V fp and t N-i . Figure 14 shows the time histories of the flame velocity V fp ' and the pressure variation P at the port 3. The abscissa gives the elapsed time from when the pressure wave has reached the port 3. The expansion of the high temperature burned gas induces a pressure wave ahead of the flame front when the flame is initiated near the closed end of the tube. The turbulence near the tube wall is also generated when the Shchelkin spiral is inserted to the tube. The flame velocity becomes higher due to the turbulence. The higher flame velocity induces the expansion of the unburned mixture in the higher pressure. This positive feedback coupling is established between t = -0.032 ms and 0.032 ms as shown in Fig. 14-(a) , then the flame velocity increases rapidly. Such feedback determines rapid flame acceleration near the port 3. The accelerating flame acts as a piston producing compression waves in the unburned mixture. The compression wave produced by the flame proceeds to the shock at about t = 0.032 ms and transition to detonation is accomplished. Then, the flame velocity reaches the value of the C-J detonation, as shown in Fig. 14-(a) .
On the other hand, when the Shechelkin spiral is not inserted to the tube, the large turbulence in the tube is not generated and the flame acceleration due to the piston effects by the accelerating flame is smaller than that in the case with the Shchelkin spiral. The compression wave is not proceeded to the shock, then the flame velocity does not reach the value of the C-J detonation, as shown in Fig. 14-(b) .
Conclusions
Behaviors of flame propagation in the detonation tube were observed, and the flow velocity, flame velocity and propagation velocity of the pressure wave and the maximum pressure were measured to clarify the combined effects of a VF and the Shchelkin spiral on flame propagation and the DDT process. The following results were obtained;
The flame is accelerated and the flame velocity is rapidly increased when the Shchelkin spiral is inserted in the tube. The accelerating flame acts as a piston producing the compression wave and it proceeds to the shock, then transition to detonation is accomplished. The DDT distance in the case with the Shchelkin spiral becomes shorter due to the combined effects of a VF and the Shchelkin spiral than that is the case without the Shchelkin spiral. 
